Aqueous Electrolyte Ionization over Extreme Ranges as Simple Fundamental Relation with Density and Believed Universal; Sodium Chloride Ionization from 0^o^ to 1000^o^C and to 1000 MPa (10000 Atm.) by William L. Marshall
1Aqueous Electrolyte Ionization over Extreme Ranges as Simple Fundamental
Relation with Density and Believed Universal; Sodium Chloride
Ionization from 0o to 1000oC and to 1000 MPa (10000 Atm.)
William L. Marshall
Chemical Sciences Division, Oak Ridge National Laboratory,
Oak Ridge, Tennessee 37831 U.S.A. (guest scientist)
Home: 101 Oak Lane, Oak Ridge, Tennessee 37830 U.S.A.
email: marshallwlm@gmail.com , telephone: U.S.A. 865-483-0098
ABSTRACT
The chemical nature of aqueous electrolyte ionization is illustrated by a simple
relationship with water as a reactant believed to correlate ionization of aqueous sodium
chloride approaching infinite dilution over the entire range of temperature and pressure
[0 to 1000oC; 0.1 to 1000 MPa (10000 Atm)]. The derived equation accurately and smoothly
describes the ionization constant of sodium chloride [K(NaCl)] in both water and water
strongly diluted by inert solvent. Effects of water density on ionization are quantitatively
and simply described that oppose conventional theory that ionization is a function only of
dielectric constant, and theorists should apply this simplicity with density in understanding
aqueous electrolyte ionization. There appears to be no substantive evidence for Pitzer's
earlier proposal (1983) that K(NaCl) with decreasing very low densities (if known) would
diverge sharply downward by several orders of magnitude. Classical ionization theories
are limited in universal application, and it seems that theory must adjust to this observed
simple fundamental relationship.
N
at
ur
e 
Pr
ec
ed
in
gs
 : 
hd
l:1
01
01
/n
pr
e.
20
08
.2
47
6.
1 
: P
os
te
d 
5 
No
v 
20
08
2I. INTRODUCTION
Since the electrical conductance studies of Franck, et al.1-4 [following those of Noyes,
et al.,5 and Fogo, et al.,6] on aqueous electrolytes to 800oC and 400 MPa, ionization
behaviors of many aqueous electrolytes have been obtained to these extreme conditions of
which several are applied here.1-3, 7-22 A simple equation is presented that smoothly
correlates over the entire ranges of experiments ionization constants [K, within Eq. (1)] of
NaCl in both water to 800oC and dioxane-water to 300oC, and both to 400 MPa. The
equation is based on earlier descriptions of fundamental mass-action solvent-electrolyte
interactions1-3, 7-22 summarized below.
Franck1-3 showed that a chemical model with water as a reactant in an ionization
equilibrium provided a (complete) constant [Ko, Eq. (1)] independent of water density (ρ)
or pressure (P) and changing only with temperature (T). Applying Franck's procedure to
many later studies including some for K(NaCl) in both water7 and dioxane-water9-12,15,16
solvents strongly confirmed the validity of Franck's classic interpretation. The average
isothermal increase (n) in number of moles of water solvating upon ionization is obtained
by plotting log K against log ρ, providing a straight line with slope n as substantiated by
studies of ionization behavior covering a variety of equilibria (Figs. 1 and 2).
By combining the simple equation presented here with one recently developed for
solvent dielectric constant23, the ionization of NaCl in water can be described also as a
function of dielectric constant. The two equations are applied in comparing the relative
effects of the dielectric constant and solvent density on NaCl ionization varying with
temperature, with the strong suggestion that isothermal mass action with water solvent
rather than dielectric constant controls the changing extent of ionization.
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3The equation presented here describes log K for NaCl in water to extreme
temperatures and pressures in both dioxane-water and water solutions with no
discontinuity between the two solvent systems. Diluting water with (inert) dioxane was
used to vary the solution water concentration by three to four times. (Increasing
hydrostatic pressure to obtain these wide changes in water density at temperatures below
critical is experimentally prohibitive.) The success of a chemical model including solvent
water as a reactant should further motivate applying density for understanding and
identifying the true chemical (stoichiometric) nature of these equilibria.
II. EXPERIMENTAL VALUES
Values of K(NaCl) applied were those obtained over wide ranges of dioxane-water
compositions of Kunze and Fuoss,24 Leong and Dunn,9 Dunn and Marshall,10 Yeatts, Dunn,
and Marshall,11 and Yeatts and Marshall12 at 25o, 50o, 100o, 100o, and 300oC, respectively.
Those in dioxane-water at 100o 11 and 300oC 12 were obtained also at hydrostatic pressures
up to 400 MPa. Values of K(NaCl) in water alone at 400o to 800oC and pressures to 400
MPa were those of Quist and Marshall7 who for greater accuracy developed and used a
flow-through conductance cell as stated, although mistakenly thought by others25 to be a
static cell. Values of n were obtained from the slopes of the observed straight lines at
constant temperature of log K plotted against log ρ(H2O) or log C(H2O) [C = concentration]
in either dioxane-H2O or pure H2O solvents, as shown in Figs. 1 and 2. All above ionization
constants for NaCl were obtained from conductance measurements. Values of K (NaCl)
from vapor pressures of aqueous NaCl solutions from 25o to 300oC, derived by Marshall26
by application of a solvent structural constant (SSC), also were applied in the correlation.
The inability to apply some other studies in the correlation for the ionization equation is
discussed in Section IV D.
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4III. THE EQUATION
The basic form of the equation as applied by Franck1-3 originates from an ionization
(dissociation) constant expression (Ko) including solvent water that reacts with the ion pair
in producing the solvated ions. Thus,
Ko = [ C(Na+) C(Cl-) ] / [ C(NaClo) C(H2O)n ] (1)
where Ko equals K/[C(H2O)n] at the limit of infinite dilution, and C(H2O) is concentration in
moles/liter and may be replaced by 55.51 ρ/(g cm-3). Here, Ko and K are also based on
moles/liter (C) throughout this paper. This form was applied by Franck1-3 and others in
many later papers. The application to dioxane-water solutions and additional solvents and
conditions, and even to rate constants, was first presented by Marshall and Quist.15,16 The
equation with constants derived here is expressed:
log K = log Ko + n log (55.51 ρ) (2)
where:
log Ko = E + F /T + G log T (3)
n = 10.20 – 1 / [ 1/4.35 + H z + I z2 + J z3 + L z4 ] (4)
z = T – 273.16, T = kelvins, and logarithms are to base 10,
and where values of ρ, T, K, and Ko are divided by their unit reference states, respectively,
to make the quantities dimensionless. The constants are:
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5E = – 51.19 H = + 6.24 x 10-4
F = + 5.406 x 103 I = + 3.50 x 10-5
G = + 9.323 J = – 3.32 x 10-7
L = + 1.19 x 10-9
adjusted to the necessary number of significant figures and were obtained by non-linear
least square fits27 to the above published values of log Ko and n.
The range of temperature for experimental results in water was from 25o to 800oC,
with pressures from saturation to 400 MPa at 25-374oC and from 20 to 400 MPa at 374-
800oC. Experimental densities were from 0.3 to 1.0 g cm-3 while discussions in Section IX
suggest adherence to very much lower densities. For behavior in dioxane-water solvents,
the range was from 25 to 300oC at pressures from saturation to 400 MPa and water
densities from 0.15 to 1.00 g cm-3. Ionization constants for tetraisoamylammonium nitrate
in dioxane-water solutions at 25oC28 adhered to the form of Eq. (2) to water densities below
0.01 g cm-3 (Fig. 2; Section IX), suggesting that K(NaCl) would extend monotonically to
densities much lower than 0.15 g cm-3. Ranges can be reliably extrapolated to 0oC for both
dioxane-water and water solvents, and to 1000oC and densities moderately higher than 1.0
g cm-3 based on the straight line relationships and with the ion product of water (Kw)
adhering reasonably to the form of Eq. (2) at temperatures to 1000oC and pressures as high
as 13300 MPa.29 The log Kw experimental results at these extreme pressures and
temperatures were those of Hamann and Linton,30 which Marshall and Franck (MF)29
plotted against log ρ to show extrapolated agreement (Fig. 1) with the MF equation for log
Kw experimentally obtained at pressures only to 400 MPa (!), as shown by the extended
straight line in Fig. 1. Another agreement with the form of Eq. (2) to extreme pressures is
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6that for log K[NH4OH(ionization)] at 45oC to 1200 MPa from Hamann and Strauss,31
shown in Fig. 1.
In the ranges of study (Figs. 1 and 2) n is observed to be isothermally constant,
although it is an explicit function of multistep solvation equilibria.18 Here and previously,18
the ionization constants considered always were restricted to water/solute mole ratios
approaching infinity (electrolyte solute approaching infinite dilution). Thus for water
comparatively close to zero density and up to high densities, solute species will be always
"saturated" by water. This assures solute species in near zero to the highest water
densities always to be hydrated to the highest (average) solvation number that shows
structural stability at a given temperature, as discussed in Section IX.
IV. EQUATION UNCERTAINTIES; OTHER DATA
A. General uncertainties
Figs. 3 and 4 show for NaCl experimentally determined values of n plotted against
t/oC and log Ko against 1/(T/K), with the experimental data and results used in obtaining
these values originating from the several investigators at several laboratories7,9-12,24,26 as
summarized above. The values of log Ko from vapor pressure measurements were obtained
by an interpretation involving a mechanistic theory for solvent evaporation26 that appears
to represent ideal behavior not requiring activity coefficients. Values for log Ko from this
latter vapor pressure treatment26 correlated almost identically with those from the several
independently obtained ionization constants from conductance measurements.9-12,24 At 25o
and 50oC, however, Log Ko obtained from log K values of Kunze and Fuoss24 and Leong
and Dunn,9 respectively, were considered best and thus applied in obtaining the constants
for Eq. (3). Calculations by Eqs. (3) and (4) described by the lines in Figs. 3 and 4 show the
general closeness in fit of ± 0.05 (n) and ± 0.10 (log Ko) for the applied experimental values.
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7B. Log K(NaCl) values at 400oC
Values of n and log Ko when obtained simultaneously by applying all log K(NaCl)
values at 400oC of Quist and Marshall (QM)7 did not fully correlate with those at other
temperatures. The values at lower densities at 400oC appeared to diverge from correlations
at higher densities and temperatures, as mentioned and suggested in the original study to
represent some uncertainty.7 Including these values at the lower densities could possibly
have accounted for the presently observed inconsistency. To try resolving this problem, n
was calculated by Eq. (4) and was applied with all the QM 400oC experimental log K values
in obtaining by least squares fit27 with Eq. (2) a log Ko = –16.97. Conversely, obtaining log
Ko from Eq. (3) (–16.79) and applying with Eq. (2) and all the QM 400oC log K values gave
n = 10.21. These values for log Ko and n (–16.97 and 10.21, respectively) are the revised
QM values at 400oC shown in Figs. 3 and 4 and would appear to eliminate the previous
inconsistency by full inclusion of all 400oC data. This evaluative approach seemed
reasonable since solving simultaneously for two parameters from the QM experimental
values at 400oC (with possibly greater uncertainty at low densities) did not produce fully
acceptable correlating values.
C. Agreements at the liquid-vapor critical point
Values of log K at the critical point of water (374oC) from the equations of Ho, et
al.,32 Zimmerman, et al.,33 and Gruszkiewicz and Wood34 are –3.64, –3.82, and –3.96,
respectively, agreeing within 0.33, 0.15, and 0.01 log units of –3.97 obtained from Eq. (2)
and also –3.97 obtained independently from evaluating the critical curve of NaCl-H2O.35
This agreement is excellent. [Throughout this paper where necessary, literature values
were converted to dissociation constants based on concentration (mol/liter) for all reacting
species including also water for equal comparisons.]
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8D. Other published results
There are other studies not applied that have obtained log K (NaCl) at high
temperatures and pressures32-34,36,37 and in dioxane-water solutions at 5-35o C38. It is
necessary to discuss why these results were not used in obtaining the constants for Eq. (2).
Zimmerman, et al.33, and Gruszkiewicz and Wood34 limited their experiments and
application of their equations to the region near the critical point while Ho, et al.32,
extended their studies, described by their equation, to 600oC and 300 MPa. However, with
changing temperature and pressure over the entire range evaluated here, including
behavior in dioxane-water solutions, values of log K from the Ho, et al., Zimmerman, et al.,
and Gruszkiewicz and Wood equations, while close at the critical point, diverged
significantly from the other studies correlated by Eq. (2). Calculated values from the Ho, et
al., equation (converted to comparable units) at its experimental limits of 100oC and 600oC
for the slope (n) were smaller by 3.43 and 1.75 units and for log Ko larger by 5.70 and 2.60
units, respectively, from the studies described in Figs. 3 and 4. While Ho, et al.,32 gave an
equation value for log K(NaCl) at 25oC (0.1 MPa) agreeing with Eq.(2), calculated values
from their equation diverged by up to 3 log units from experimentally determined values in
dioxane-water solutions.8-12,24 Thus it was not reasonable to include these descriptions32-34
in evaluating Eq. (2) that produced a close fit (smooth correlation) over the entire range of
temperature (25-800oC), pressure (0.1-400 MPa), and dioxane-water composition (0-75 Wt.
% dioxane) as shown in Figs. 1, 3, and 4 and inTable 1.
Calculated values (no experiments) of log K of Sverjensky, et al.,36 at 0-350oC along
the vapor saturation curve do not correlate with the experimental studies in Table 1 nor
with those reported in Refs. 32-34. Values of Sverjensky, et al., above 400oC at high
pressures originated from Quist and Marshall7 [see Oelkers and Helgeson,37] and were
equally described by Eq. (2). With their duplication, only those from Quist and Marshall7
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9are presented in Figs. 3 and 4 and Table 1 together with the other values. Application of
pressure, rather than density, by Sverjensky, et al., does not provide meaningful
calculations in dioxane-water solutions where log K can be changed also by dilution of
water at constant pressure as well as by changing pressure.11-12
Bešter-Rogač, et al.,38 presented log K(NaCl) values in dioxane-water solutions at 5-
35oC . When their values of log K(NaCl) are plotted isothermally against log C(H2O) in
dioxane-water strongly curved lines result, in contrast to the straight lines obtained from
all other studies in dioxane-water, some of which are shown in Fig. 1. Their curved line at
25oC touches at midpoint the wide-ranging straight line observed15,16 from plotting the very
accurate results of Kunze and Fuoss (KF).24 KF plotted their own values against
1/(dielectric constant) instead of log C(H2O) and did not observe the straight line
relationship if log C(H2O) had been applied, thus providing credibility in its later
observation.15,16 Bešter-Rogač, et al., made blanket references to KF and others who
studied ionization in dioxane-water but failed to suggest why their results differed so
sharply from the KF values and did not correlate with those at higher temperatures. With
these discrepancies, their results could not reasonably have been included in the evaluation.
E. Uncertainties in applying Eq. (2)
The extents of deviation in values calculated by Eq. (2) from the observed log
K(NaCl) values applied in obtaining Eq. (2) are summarized in Table 1. Eq. (2) represents
the best considered experimental results closely to the uncertainties estimated in the
original papers, with the full lines for log K(NaCl) shown in Fig 1 obtained from Eq. (2).
There is, however, a small bias for the measurements in dioxane-water at 100o and 300oC
(Table 1), with some few values experimentally difficult to obtain that exceeded the stated
limits, as discussed in the original studies.11,12
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An earlier equation for log Ko 35 represents values slightly better in the range, 350-
500oC [standard deviation of 0.006 versus 0.010 from Eq. (2)]. Eq. (2), however,
reproduces the best considered values at 25o and 50oC, and thus provides the best
representation over the entire range of temperature from 25o to 800oC.
V. UNIVERSAL AGREEMENT IN DIOXANE-WATER AND WATER SOLVENTS
The universal description by Eq. (2) of experimentally derived ionization constants
for NaCl in both dioxane-water and water solvents over wide ranges of temperature,
pressure or density, and dioxane-water composition supports the same extent of solvation
by water in the ionization reaction in either solvent system at a given temperature. This
evidence is further demonstrated by the merging of the slopes (n) obtained in dioxane-
water up to 300oC with the constant value of 10.2 in water at 400 to 800oC. The many
discussions of the rationale for these phenomena presented previously.1-3,9,15-22 are
mentioned here to further support the validity of Eqs. (2-4).
This conclusion is further upheld by the common behavior of ionization constants of
MgSO4 and MnSO4 at 25oC in both dioxane-water solutions at saturation vapor
pressure39,40 and water41,42 at high hydrostatic pressures as shown in Fig. 1. These
particular studies in dioxane-water were performed in different laboratories by different
investigators while those in water originated from the same laboratory but at different
times. Ionization constants of both salts were shown several years later to adhere closely to
the form of Eq. (2) in both dioxane-water and water, with the same value for n of 9 for both
salts in either solvent system.18
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VI. UNIVERSAL RELATIONSHIPS FOR K(NACL) WITH DIELECTRIC CONSTANT
AND DENSITY.
The considerations here involve the evaluation of log K varying with ε and ρ at
temperatures from 0 to 1000oC. The isothermal straight line relation of Eq. (2) is assumed
to extrapolate easily to modestly higher densities even where the hydrostatic pressure
becomes extreme [ Fig. 1, K(NH4OH), Kw(H2O)]. For obtaining values of dielectric
constant, the excellent, extensive correlation of Fernández, et al.,43 producing an
International Association for the Properties of Water and Steam (IAPWS) Release44 was
applied in developing an equation23 based on proposed physical properties of ε that allowed
reliable straight-line extrapolations to these modestly higher densities. This alternative
equation reproduces the Fernández, et al., theoretical-equation values of ε and those of the
corresponding IAPWS Release predominantly within their stated absolute uncertainties
with less constants.43,44 The experimentally observed straight line plots of log (ε - 1) versus
log ρ at densities above 0.25 g cm
-3 from this equation23 provided essentially the same level
of confidence for extrapolation to modestly higher densities as for log K vs log ρ applied
above. Thus these two calculative approaches for log (ε - 1) and log K vs log ρ were applied
to the reasonably accurate evaluations of the interplay of density, dielectric constant, and
temperature on ionization behavior even though the hydrostatic pressure reaches values
far higher than experimentally attainable.
Equation (2) calculates log K at any density of water over the experimental ranges of
temperature and pressure with extrapolation outside. The equation for dielectric
constant23,
log (ε – 1) = Y [ C + (S – 1) log ρ ] + D + log ρ (5)
can be rearranged to yield:
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log ρ = [ log (ε – 1) – YC – D ] / [ 1 + Y(S – 1) ] (6)
that when substituted into Eq. (2) gives:
log K = log Ko + n { log 55.51 + [ log (ε – 1) – YC – D ] / [ 1 + Y(S – 1) ] } (7)
For ρ from 0.25 to 1.1 g cm-3 and extrapolation higher23, Eq. (7) simplifies to:
log K = log Ko + n { log 55.51 + [ log (ε – 1) – A ] / S } (8)
For ρ below 0.003 g cm-3, Eq. (7) reduces to:
log K = log Ko + n { log 55.51 + log (ε – 1) – D } (9)
The constants23 are:
Y = 1 / ( 1 + 0.0012 / ρ2 )
C = 0.4117 + 366.6 / T – 1.491 x 105 / T2 + 9.190 x 106 / T3
D = 0.290 + 275.4 / T + 3.245 x 104 / T2
S = 1.667 – 11.41/T – 3.526 x 104 / T2
A = C + D
= 0.7017 + 642.0 / T – 1.167 x 105 / T2 + 9.190 x 106 / T3
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Thus, Eqs. (2) and (7) give universal relationships for calculating log K (NaCl) as a
function of ε or ρ and comparing its behavior between these two properties. These
equations give accurate values at experimentally realizable conditions throughout and were
used in extrapolating comparative behavior (Figs. 5-7) to moderately higher densities far
outside experimentally attainable pressures as discussed above and below.
VII. DIELECTRIC CONSTANT CHANGING AT CONSTANT TEMPERATURE
Inclusion of water as a solvating reactant provides an ionization constant (Ko)
independent of isothermal changes in the density (ρ) or dielectric constant (ε) of the polar
solvent. Accepting complete mass action equilibria in these systems accepts that changing
the density of polar solvent (rather than dielectric constant) is the primary determinant in
changing the extent of ionization at constant temperature as discussed previously.15,16 The
next section gives further evidence to show the relationship between density and dielectric
constant in further suggesting that changes in solvent density primarily determine the
degree of isothermal variation in K(NaCl). The dielectric constant, reflecting the polarity
of the solvent molecule, could possibly be applied to establishing the hydration numbers of
solute species that from a known value of K(NaCl) could allow determination of the
absolute value of Ko.
VIII. DENSITY, DIELECTRIC CONSTANT, AND TEMPERATURE EFFECTS ON
IONIZATION QUESTIONING CONVENTIONAL THEORY
The ionization constant K(NaCl) at the limit of infinite dilution is a function of n, ρ,
and Ko, where the absolute value of Ko depends only upon temperature and the dipole
moment of the solvent molecules reflected in the dielectric constant (ε). By applying Eq. (2)
and the relationship of log (ε – 1) vs log ρ of Eq. (7), one can observe how log K will vary as
a function of T at either constant ρ (condition A) or constant ε (condition B). Log K
(calculated) in Fig. 5 is plotted against T from 0o to 1000oC at either ρ = 1 g cm-3
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or ε = 87.96 (values for liquid water at 0oC and saturated vapor pressure). At ρ = 1 g cm-3
(condition A), log K decreases to a minimum near 150oC, increases to a maximum near
300oC, and then decreases at higher temperatures, as quantitatively shown in Fig. 5. At ε =
87.96 (condition B), log K first increases sharply before leveling off near 300oC, with a slow
rise starting near 600oC. Log K in water at saturated vapor pressure from 0oC first shows
a decreasing, waving behavior due to sharp increases in n, levels off at 200-250oC, and then
decreases sharply until the liquid-vapor critical temperature (374oC) is reached (Fig. 5).
Fig. 6 shows changes for pure water with temperature of (i) dielectric constant at
constant density and (ii) density at constant dielectric constant. Thus at constant density
(A above), the dielectric constant decreases sharply with rising temperature, probably
because of decreasing hydrogen bonding, and up to 300oC log K is a complex function of
changing n and Ko as visualized in Eq. (1). With n sharply decreasing its rate of change
above 300oC in approaching a constant near 400oC (Fig. 3), the curve in Fig. 5 for log K at
constant density then smoothly decreases following the monotonic behavior of log Ko [Eq.
(2)]. At constant dielectric constant (B above), the (structural) polarity of the solvent
water, incorporating effects of hydrogen bonding, should be closely constant with rising
temperature. The increasing density necessary to maintain a constant ε should also have
reduced the destruction of hydrogen bonding. Thus, condition B would be expected to
strongly promote increasing ionization by increasing solvent density without strongly
decreasing solvent polarity. Moreover, at constant ε an increasing kinetic energy probably
is a most important factor in increasing the extent of ionization with increasing
temperature. The rapidly rising value of n up to 300oC (with the strongly increasing
solvent density at constant ε, Fig. 6) should also promote a sharp increase in log K, with a
lesser increase above 300oC because of the approach of n to a constant.
Fig. 7 shows the density and dielectric properties of water necessary to keep log
K(NaCl) a constant of +1.52, its value at 0oC and saturation vapor pressure. As for the
variation of log K (NaCl) under the restricted condition of either density and or dielectric
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constant (Fig. 5), here a convoluted behavior from 0 to 300oC occurs because of the sharp
changes of n coupled with the moderate changes in Ko. Monotonic changes occur above
300oC because of the approach of n to a constant.
With log K(NaCl) held constant at +1.52 with rising temperature (Fig. 7), the
dielectric constant decreases. Moreover, Fig. 5 shows that under condition B (ε = 87.96),
K(NaCl) increases by several orders of magnitude from 0o to 1000oC, reflecting strongly the
increasing kinetic energy with rising temperature in ionizing NaCl. Neither of these
observations seems to support the argument that a decreasing extent of ionization results
from a decreasing dielectric constant, the conventional explanation for decreasing
ionization attributed to Born-equation theory.
Generally in experimentally realizable regions of T and P, the convoluted variation
of log K vs T at constant density (condition A) or of variations of density and dielectric
constant necessary to keep log K a constant at 0-300oC have not been experimentally
observed. Sufficiently accurate measurements of log K(NaCl) in these regions that would
show these second-order variations would be difficult to obtain.
These calculations are predominantly for conditions far removed from experimental
confirmation because of the extreme pressures required although the straight-line
extrapolations with log density by both Eq. (2) and (7) over the short ranges of density are
believed to be accurate (above). The examples given provide insight into the nature of
solvent-electrolyte ionization behavior.
IX. QUESTIONING THE PITZER DIVERGENCES OF IONIZATION CONSTANTS IN
SUPERCRITICAL WATER
At temperatures near and above 400oC, Pitzer45 calculated ionization constants of
NaCl at water densities from 0.003 to 0.1 g cm-3 that at 400oC were ten orders of magnitude
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lower than those observed above 0.3 g cm.-3 He calculated anchor-point ionization
constants for anhydrous NaCl (K1) from the JANAF thermodynamic values,46 giving a K1
even more orders of magnitude lower. These anchor points were applied in calculating
ionization constants for NaCl at the above densities from the hydration equilibria of Na+
and Cl- ions of Kebarle, et al,47,48 obtained from mass-spectra experiments.
Pitzer proposed that the observed straight lines of log K(NaCl)7 [and earlier49 of log
Kw(ion product of water)30] versus log ρ would decrease suddenly from straightness below
0.3 g cm-3 before resuming a moderate decrease. Pitzer suggested this sudden decrease was
caused by supercritical water changing from "water-like" to "gas-like" behavior with
decreasing density.
An extensive detailed molecular-based computer study of this behavior was
presented later by Chialvo and Simonson.50 Liu, et al.,51 and Fernández-Prini52 also have
performed proficient computer simulated calculations of ionization/association constants
for regions near and far above the liquid-vapor critical temperature of water. Their
calculations have produced constants remarkably close to experiment, with variances near
0.3 in log K compared to 0.1 for those actual values fitted by Eq. (2) (Table 1) that in
addition fits down to 25oC, and also in the presence of inert solvent.
All ionization constants for aqueous NaCl presented here are values upon
approaching infinite dilution of electrolyte. Thus the ratio of solvent water to electrolyte
concentrations always approaches infinity, and these hydration equilibria are always under
this condition. Applying a calculated thermodynamic equilibrium constant that does not
contain water (Pitzer's K1) is a nonentity because water is always present as a reactant in all
equilibria in this system. Omitting water by including K1 in the description seems not
applicable.
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The water densities of the Kebarle, et al., mass spectra experiments were roughly
four orders of magnitude lower than for the K(NaCl) values calculated by Pitzer (above), a
seemingly long extrapolation. Also, the mole ratio, water/electrolyte, was low, in their
identification of ionic species with hydration numbers from 1 to 5. For published
ionization constants of NaCl at water/electrolyte ratios approaching infinity, only
structured hydrated species of highest hydration number would appear to be significant,
thus precluding those species of lower hydration number implied to produce the sharp
decreases in K(NaCl) with decreasing density.
The constant slope (n) from 400 to 800oC, interpreted to represent constant
hydration numbers closely near six for both Na+ and Cl- ions,2,7 suggests stable hydrates,
and the earlier evidence indicates this stability from 0 to at least 800oC.26 It seems unlikely
that a decrease in hydration number from a stable hydration structure would occur at
lower water densities in causing a sharp decline in the values of K(NaCl), given always the
condition of water/electrolyte approaching infinity.
From Pitzer's Fig. 2 (Ref. 45) for curves of log K(NaCl) vs log ρ, I have estimated
slopes, n = [∂log K(NaCl)/∂log ρ]T, versus water density at 400oC as described in Fig. 8.
With the apparent significance of n,7,45,49 the increase in hydration number for the two ions,
Na+ and Cl-, from the hydrated NaClo would further sharply increase from a constant of
10.2 at high densities in reaching a peak of 32 at 0.1 g cm-3 with a rapid decline to 6 near
0.02 g cm-3, an unlikely phenomenon with anomalous compressibility not observed. At the
critical point (ρc, tc ; 0.332 g cm-3, 374oC), there is infinite water compressibility that rapidly
declines to insignificance above 400oC and represents the only known sudden (anomalous)
change from liquid-like to gas-like behavior in supercritical water, shown in Fig. 9 with
values derived from the Steam Tables.53
The peak in slope (n) for the Pitzer evaluation at 400oC is at 0.1 g cm,-3 or at three
times lower density than at ρc. The Pitzer divergence cannot relate to the compressibility
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observed above ρc . It would seem that Pitzer's suggestion of a change in water from liquid-
like to gas-like behavior peaking near 0.1 g cm-3 at supercritical conditions needs more
convincing evidence.
The parameter, Z = PV/RT, is customarily applied to show deviations from gas-
ideality in fluid behavior. Fig. 10 gives isothermal curves of Z versus density from 374 (tc)
to 800oC, and these do not show anomalies that would indicate structural changes in water,
surprisingly even for the isothermal curve at 374oC (through the critical point). At 800oC,
water closely approaches ideal-gas behavior with its greatly increased kinetic energy.
Any change in structure of water would seem to be reflected in a divergent change
in its dielectric constant. Yet the dielectric constant of water at temperatures from -35 to
1000 oC and from densities near zero to 1.1 g cm-3 do not show any anomaly that would
justify an "S" shaped curve for solute ionization (Figs. 1 and 2) or for water itself23. There
is no observed anomaly in ε near or at the liquid-vapor critical point density of
0.322 g cm-3, and also the ionization constants for both NaCl and water behave normally in
this region.
In supercritical water, the Galobardes, et al.,54 Pitzer and Pabalan55, and Bischoff
and Pitzer56 log solubilities of NaCl versus log ρ at 450oC give a straight line at densities
from 0.07 to 0.004 g cm-3, shown in Fig. 2, with two-liquid phases forming at higher
densities. Although perhaps not expected at 25oC, the ionization constant for
tetraisoamylammonium nitrate in water-dioxane solutions even below 0.01 g cm-3 water
does not show an anomaly in following simply a straight line of log K versus log ρw (Fig. 2).
Also at 25oC, log solubilities of several salts [Ag2SO4, Zn(IO3)2, Ba(IO3)2.H2O, KIO3,
AgC2H3O2] in water-dioxane versus log ρw follow straight lines as neutral salts down to
water densities of 0.05 to 0.10 g cm-3.16
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I find it difficult to justify the Pitzer "S" shaped curves, with the suggestion that the
equation presented here for K(NaCl) will apply far below the limit of experiment near 0.3 g
cm-3. Similar "S" shaped curves at low densities were calculated by Pitzer49 for the ion
product of water, with K1(H2O) estimated by substituting the thermodynamic behavior of
NH3 and HF for those of H3O+ and OH-, respectively49 Thus also for the ion product of
water29 it seems difficult to justify the sharp declines in ionization below the range of
experiment as calculated elsewhere.49, 57
X. IONIZATION AT THE CRITICAL POINT
The excellent agreements in log K at the critical point from the several conductance
studies32-34 and from the evaluation of critical temperatures35 with that of – 3.97 from Eq.
(2) indicate a normal, without anomaly, ionization behavior at this point. Eq. (2) smoothly
describing experimental behavior through the region of the critical point and extending
over very wide ranges of temperature, pressure, and dioxane-water composition supports
this conclusion. The essentially straight-line interpolation,23 applying density, of the
dielectric constant of pure water through the critical point appears also to support a
smooth behavior. The only strong anomaly seems to be that for pressure-volume behavior
near the critical point where molecular attractive forces sharply change between liquid and
gas behavior. Descriptions applying density to properties such as electrolyte ionization and
dielectric constants avoid correlating with the divergences with pressure at the critical
point.
XI. IONIZATION CONSTANTS FROM SOLUTION VAPOR PRESSURES
Application of solution densities and vapor pressures, together with values of n,
allows the calculations of ionization constants over the range, 25-300oC, which agree well
with those obtained from conductance measurements. The approach accepts that the
destruction of liquid-water structure upon evaporation is quantitatively described by a
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defined solvent structural constant (SSC).26 This value of SSC (6.67) obtained from
experimental vapor pressures (25o-300oC) and constant throughout the liquid-vapor region
(0 to 374.0oC), is applied in obtaining ionization constants from vapor pressures without the
need for activity coefficients. Excellent agreement of ionization constants obtained for NaCl
from this vapor pressure treatment with those from conductance studies and from critical-
temperature evaluations of NaCl-H2O solutions (above) additionally support the
application of density. This approach would appear to have introduced a simplifying
revolutionary concept not requiring activity coefficients and easily verifiable that presently
seems overlooked.
XII. REACTION RATES AND DENSITIES
Reaction rates are equally much easier described as a function of density rather
than of pressure. Supporting experimental examples are summarized elsewhere17 in which
solvent is included as a reactant. Here, log reaction-rate is plotted isothermally versus log
solvent-density to provide a straight line with the slope equated to the number of moles of
solvent reacting stoichiometrically in the rate process.
XIII. CONVENTIONAL THERMODYNAMIC FUNCTIONS
As described elsewhere,8,17-22, 58-60 the application of density allows description of all
conventional thermodynamic functions with a minimum of parameters. These functions
are calculated from the complete constant (Ko), the stoichiometric value n, and the
pressure-volume-temperature (PVT) properties of solvent, and thus for K(NaCl) the
application of Eqs. (2-4) and their derivatives.
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XIV. CONCLUSIONS
For convenience a simple equation is presented for calculating log K (NaCl) over all
experimental ranges of water temperature and density, even with water solvent diluted by
"inert" dioxane, and with accurate extrapolational ability. However, the primary purpose
here is to further indicate by its universality that a (true) chemical approach is preferable
to those that neglect density and apply many additional parameters with limits in
application. In Eq. (2) all values are defined and believed to have chemical significance in a
complete equilibrium.
Studying ionization behavior of simple 1-1 electrolytes (NaCl) in supercritical water
diluted with an inert gas could yield measurements to further support the application of
density and full chemical behavior. For acids, the slope n in dioxane-water disagrees with
those in water.16 Significant interaction of H3O+ with dioxane possibly accounts for this
difference and could be accommodated by an additional solvation number involving
dioxane16.
For ionization reflecting chemical reality, the above correlations strongly support
applying density rather than pressure. There have indeed been innumerable applications
in widely diverging fields since the original proposal of Franck.1-3 An excellent example is
that of Manning61 who confirmed the forms of Eqs. (2-4) in accurately reproducing
experimental solubilities of quartz in water from 25oC and 1 bar (0.1 MPa) up to 900oC and
20 kbar (2000 MPa), the highest P and T studied! With this assumption of isothermal recti-
linearity the forms of these equations were used by Manning for extrapolating to pressures
far higher than 20 kbar and thus to regions of much geological interest. Other equations
with many parameters33, 34 cannot describe ionization behavior where reactant solvent is
diluted by non-polar solvents, and where (total) pressure is closely invariant (Table 1). It
seems highly important that the best-chosen model will describe behavior over all
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conditions with the least number of parameters. Applying density rather than pressure
provides a rational approach that is a much better choice for accomplishing this goal.58-61
Thus, a primary purpose of this paper is to show the simplicity of the fundamental
two-term kinetic molecular mass-action equilibrium of Eq (1) in accurately describing
experimental equilibria over the widest attainable temperature, density (pressure), and
reactant solvent concentrations, with K(NaCl) and slope n as a function of temperature
described by the least possible number of constants (Occam's razor). It would seem that
any revised/new theory should be able to duplicate throughout those experimental values
described by Eq. (2), considered here as currently the most accurate for the aqueous
ionization behavior of NaCl. Theory should be aimed at calculating the effective hydration
numbers of electrolyte reactants and the absolute values of Ko to confirm the experimental
values accurately described by Eq. (1) with its straight-line extrapolative ability (Eq. (2).
Theoretical success in achieving this goal over the entire possible experimental ranges of
temperature and density would be highly significant. Past theories seem not to have
described ionization behavior over these full ranges and in presence of inert electrolytes.
Ball62 very recently concluded that "Water reminds us of the dangers of doing
science in silos, the risks of leaving apparently tidy explanations unexamined, the
importance of not letting ubiquity lead to invisibility, and the recognition that new ways of
studying the world can exacerbate as well dispel confusion." The present paper emulates
Ball's philosophy, and also that expressed by Weingartner and Franck,63 in describing the
ionization-solvation behavior of the most universally common electrolyte (NaCl) at
extreme dilutions in water over essentially its widest feasible ranges of temperature,
density, and pressure.
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TABLE 1. Deviations (Obs. - Calc'd.) in Applying Eq. (2) to Calculation of
Log K (molar ionization) for Aqueous NaCl.
Investigators Solvent t/oC P/MPa ρ (H2O)/(g cm-3) Dev. Log K(NaCl)
Kunze-Fuoss24 D-W 25. 0.1 0.20-1.00 ± 0.05
Leong-Dunn9 D-W 50. 0.1 0.19-1.00 ± 0.27
Dunn-Marshall10 D-W 100. 0.1 0.28-0.96 + 0.03 to – 0.14
Yeatts, et al.11 D-W 100. 50-400 0.28-1.10 – 0.10 to – 0.20*
Yeatts-Marshall12 D-W 300. Sat'n.-400 0.15-0.66 + 0.10 to + 0.30*
Marshall26 W 25-300 Sat'n. 1.0-0.71 ± 0.10 (100-300oC)
Quist-Marshall7 W 400-800 50-400 0.30-0.85 ± 0.10
* Majority of values (see text).
D = Dioxane W = WaterNa
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LIST OF FIGURES
Fig. 1. Comparative log K vs. log density to show straight-line relations over extreme
ranges of solvent composition, density, and temperature. Original data from Kuntz-Fuoss
(1962), NaCl, 25oC; Dunn-Marshall (1969), Yeatts-Dunn-Marshall (1971), NaCl, 100oC;
Quist- Marshall (1968), NaCl, 400-800oC; Atkinson-Hallada (1962), MnSO4, 25oC; Fisher-
Davis (1965), MnSO4, 25oC; Dunsmore-James (1951), MgSO4, 25oC; Fisher (1962), MgSO4,
25oC; Hamann-Strauss (1955), NH4OH, 45oC; Hamann-Linton (1969), H2O (Kw). Full lines
describing log K(NaCl) values are from Eq. (2)
Fig. 2. Log ionization constant, tetraisoamylammonium nitrate at 25oC in dioxane-
water [Fuoss-Krauss (1933)] and log solubility, NaCl at 650 and 675oC in water
[Galobrades, et al. (1981; Pitzer and Pabalan (1986); Bischoff and Pitzer (1989)] vs. log
water density.
Fig. 3. Slope n for log KoNaCl) vs. T/oC. Marshall-Quist (1967) from data of Kunze-
Fuoss (1963); Leong-Dunn (1972); Dunn-Marshall (1969); Yeatts-Dunn-Marshall (1971);
Marshall (1986); Yeatts-Marshall (1972); Quist-Marshall (1968); and Eq. (4).
Fig. 4. Log Ko for NaCl vs. 1/(T/K). Marshall-Quist(1967, 1968) from data of
Kunze-Fuoss (1963); Leong-Dunn (1972); Dunn-Marshall (1969); Yeatts-Dunn-Marshall
(1971); Marshall (1986); Yeatts-Marshall (1972); Quist-Marshall (1968); and Eq. (3).
Fig. 5. Calculated change of log K(NaCl) applying Eqs. (2) and (7) with temperature
at water vapor saturation, constant dielectric constant, or constant density.
Fig. 6. Dielectric constant or density of water applying Eqs. (5) or (6) changing with
temperature as the other property is kept constant.
Fig. 7. Calculated properties (P) of water applying Eq (2) or (8) necessary to keep
log K(NaCl) constant at +1.52 (its value at 0oC and saturation vapor pressure).
Fig. 8. Pitzer theorized peaking divergence in slope n45.
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Fig. 9. Divergence of (∂lnρ/∂P)T/(MPa-1) above critical point of pure water. derived
from U. S. National Institute of Standards and Technology (NIST) Steam Tables.
Fig. 10. The Z factor (PV/RT) for water, 374-450oC, vs density [ρ/(g cm-3)]. Derived
from U. S. National Institute ofStandards and Technology (NIST) Steam Tables.
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Fig. 1. Comparative log K vs. log density to show straight-line
relationships over extreme ranges of solvent composition, density, and
temperature. Original data from Kunze-Fuoss (1962), NaCl, 25 oC; Dunn-
Marshall (1969), Yeatts-Dunn-Marshall (1971), NaCl, 100oC; Quist-Marshall
(1968), NaCl, 400-800oC; Atkinson-Hallada (1962), MnSO4, 25oC; Fisher-Davis
(1965), MnSO4, 25oC; Dunsmore-James (1951), MgSO4, 25oC; Fisher (1962),
MgSO4, 25oC; Hamann-Strauss (1955), NH4OH, 45oC; Hamann-Linton (1969),
H2O (K w). Full lines for log K (NaCl) are from Eq. (2).
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Fig. 2. Log ionization constant, tetraisoamylammonium nitrate, at 25oC
in water-dioxane [Fuoss-Kraus (1933)] and log solubility NaCl at 450oC in
water [Galobardes, et al., (1981); Pitzer and Pabalan (1986); Bischoff and
Pitzer (1989)] vs. log water density.
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Fig. 3. Slope n for Log K o (NaCl) vs. T /oC. Marshall-Quist
(1967) from data of Kunze-Fuoss (1963); Leong-Dunn (1972); Dunn-
Marshall (1969); Yeatts-Dunn-Marshall (1971); Marshall (1986);
Yeatts-Marshall (1972); Quist-Marshall (1968); and Eq. (4).
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Fig. 4. Log K o for NaCl vs. 1/(T /K). Marshall-Quist (1967, 1968)
from data of Kunze-Fuoss (1963); Leong-Dunn (1972); Dunn-Marshall
(1969); Yeatts-Dunn-Marshall (1971); Marshall (1986); Yeatts-
Marshall (1972); Quist-Marshall (1968); and Eqn. (3).
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Fig. 5. Calculated change of Log K (NaCl) applying Eqs. (2) and
(7) with temperature at water vapor saturation, constant dielectric
constant, or constant density.
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Fig. 6. Calculated dielectric constant or density of water
applying Eq. (5) or (6), changing with temperature as the other
property is kept constant.
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Fig. 7. Calculated properties (P ) of water applying Eqs. (2) or
(8) necessary to keep log K (NaCl) constant at + 1.52 (value at
0oC, Sat'n. vapor pressure).
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Fig. 8. Pitzer theorized peaking divergence in slope n , 400oC.
0
5
10
15
20
25
30
35
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Density (ρ)/(g cm
-3)
Sl
op
e(
n)
ρ  at critical point (374
oC)
Slope = [∂ Log K (NaCl)/∂ log (ρ)]T = n (Eq. 2)
Ionization in Water.
400oC
N
at
ur
e 
Pr
ec
ed
in
gs
 : 
hd
l:1
01
01
/n
pr
e.
20
08
.2
47
6.
1 
: P
os
te
d 
5 
No
v 
20
08
39
       Fig. 9. Divergence of (∂lnρ /∂P )T/( MPa-1) above critical point of water.
Derived from U. S. National Institute of Standards and Technology
Steam Tables.
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Fig. 10. The Z factor (PV/RT ) for water, 374 - 450oC, vs density [ρ /(g cm-3)].
Derived from U.S. National Institute of Standards and Technology Steam Tables.
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